Social communication in most mammals is mediated by chemosignals, collected by active 24 sniffing and detected mainly by the vomeronasal organ (VNO). In reptiles, however, 25 chemosignals are delivered to the VNO through the oral cavity via the nasopalatine ducts 26 (NPDs)two direct passageways connecting the nasal and the oral cavities. While the 27 structure of the NPDs is highly conserved across terrestrial vertebrate, it is unclear whether 28 they retain any functional role in mammalian chemosignaling. Here we assess the role of 29 the mouse NPDs in VNO function and associated behavioral responses. By reconstructing 30 the 3D morphological architecture of the mouse snout using micro CT, we identify a net 31 of micro-tunnels forming a direct passageway connecting the NPDs to the nasal cavity and 32 the vomeronasal organ. We further demonstrate that physical obstruction of the NPDs 33 destructs VNO clearance, and reduces chemosignaling-evoked neuronal activation in the 34 medial amygdala. Obstruction of the NPDs also impaired the innate male preference for 35 female chemosignals as well as social approach behavior, indicating the crucial role of the 36 murine nasopalatine ducts in pheromone sensing. 37 38 39
Introduction 42
It is well accepted that the vomeronasal organ (VNO) plays a key role in perceiving 43 sex-specific and species-specific chemical signals (Bear et al 2016, Dulac & Torello 2003, 44 each duct in the upper palate of the mouse, and cauterization was applied until adhesion of 118 the tissue was visually observed (~500msec). In the sham group, the cautery forceps were 119 placed on the upper palate just below the entrance to the ducts, and cauterization was 120 applied as in the blocked group. Animals were monitored daily following the procedure 121 and allowed 2-3 weeks to recover before the onset of experiments. 123 For visual confirmation, Animals were anesthetized as described above. The NPDs 124 openings where carefully examined under a binocular microscope (Nikon SMZ 745T) and 125 photographed. For histological conformation, mice were sacrificed at the end of the 126 experiment and their upper jaw was removed and placed in 4% PFA for a period of 7-days. 127 Following fixation, the tissue was placed in 10% EDTA solution in room temperature for 128 10 days to allow decalcification (solution was changed every 3 days). The tissue was then 129 washed in distilled water for two hours and in 50% ethanol for 30 minutes, before being 130 embedded in paraffin. Coronal sections (7µm) of the complete palate and nasal cavity of allowing the mice to freely sniff the solution. Additional control group (blank) was 141 comprised of sham mice that did not receive any stimulus, and used to quantify baseline 142 autoflorescence levels in untreated VNO. Immediately after the dye-stimulus mixture was 143 delivered, mice were euthanized, and their upper jaw was extracted and washed in 0.1M 144 PBS solution. The upper palate was then removed, and the vomeronasal organ (VNO) 145 was extracted bilaterally and washed with PBS. For measurement of florescence 146 intensity, images of both side of each VNO were taken using a florescence 147 stereomicroscope (Leica MZ FL III, Leica, Switzerland). Measurements of florescence 148 were assessed using ImagePro Plus software (Media Cybernetics, Rockville, MD, USA). 149 Mean optical density values were separately extracted for each side of each VNO, and 150 then averaged to receive a single optical density value per mouse.
122

Confirmation of NPDs obstruction
151
Behavioral assays 152
Olfactory preference tests 153 Mice were individually housed for 1-2 weeks before initiation of behavioral trials.
154
Prior to each experiment, pre-tests were conducted to exclude side preference in the testing 155 apparatuses / home cage. At the beginning of each experiment day, animals were moved 156 to the experiment room and allowed at least 1 hour to acclimate. For the odor preference 157 assay, two applicators with cotton tips containing the different stimuli were attached to 158 opposite walls of the home cage. On the first day of the experiment, mice were presented 159 with one "control stimulus" (saline) and one "social/neutral odor stimulus" (200µl, 160 male/female urine for social odor or banana/cinnamon for neutral odor); on the following 161 day, mice were presented with one "control stimulus", and the complementary 162 "social/neutral odor stimulus". Predator, vaginal secretion and saliva preference assays 163 were conducted using a 3-chamber apparatus as previously described ( (25×24×29 cm). The partitions have retractable doorways (6.5×6.5 cm) allowing the 168 animal to freely move between the chambers. Mice were allowed 10 minutes habituation 169 to the setup, following which a social stimulus and a control stimulus were presented in the 170 opposite main chambers. Mice were then allowed 10 minute to freely explore the apparatus.
171
Olfactory investigation behavior was recorded using digital video cameras for later 172 behavioral analysis. Social stimuli were as followed: for predator signals, soiled rat 173 bedding was placed in a polycarbonate cup (5cm height X 7.5cm diameter). Saliva (100µl) 174 and vaginal secretion (50µl) stimuli were presented on microscope slides attached to the 175 chambers' floor. The nature of the odor stimuli and the presentation sides were counter-176 balanced between mice. All tests were performed during the dark phase and under dim red Intruder mice were sexually naive C57BL/6J females and males. A day prior to the 197 experiment, female intruders were exposed to soiled male bedding in order to induce an 198 estrous state. Resident male mice were introduced to the intruder in their home cage, and 199 allowed to freely interact for 15 minutes. Social interaction was observed and recorded using digital video cameras, and analyzed offline using the Observer software (Noldus).
201
The following behavioral parameters were measured: olfactory investigation, sexual 202 behavior, aggression and locomotion activity. One hour after stimulus presentation, mice were euthanized and perfused with cold 0.1M 224 PBS followed by 4% PFA, as previously described (Scott et al 2015) . The upper jaws of 225 the mice were removed and examined to verify complete blocking of the ducts, as described 
Results
259
Micro-architecture of the NPDs presents continuous route between the nasal and oral 260 cavities via the VNO 261 To establish the role of the NPDs in mammalian chemosignaling, we first examined 262 whether they remain an open passageway connecting the oral cavity with the murine VNO. 263 We detected the outer location of the NPDs openings in the upper palate of a mouse, on the 264 border between the soft and the hard palate ( Figure 1A,B ). Then, we utilized a high- Figure 1E ). This opening connects directly to the observed network of micro-tunnels 280 leading to the NPDs.
281
The NPDs are required for the pumping mechanism of the VNO 282 We then tested the hypothesis that the NPDs constitute a part of the active pumping 283 mechanism that facilitates the flow of liquid-borne chemosignals to the receptor cell layer 284 of the VNO (Eccles 1982 , Meredith 1994 . Considering the location of the ducts at the 285 posterior part of the VNO, we speculated that they create a pathway for clearance of 286 substance from the organ. To test this hypothesis we established a novel technique to 287 obstruct the NPDs without damaging the VNO or the oral and nasal cavities. To do so, we 288 used a standard cautery unit and applied it to the oral entrances of the NPDs found in the 289 upper palate of adult male mice ( Figure 1A,B ), until adhesion of the local soft tissues was 290 observed (blocked group) ( Figure 2C,D) . As control, we defined a sham group, where the 291 cautery forceps were placed on the upper palate just below the openings, and cauterization 292 was applied to the adjacent palate tissue as in the blocked group (Figure 2A,B) . 293 To test whether such a procedure will indeed impair the VNO's flow mechanism, Figure 2H ). This indicates that substances reaching the VNO are not 302 properly cleared out in blocked mice, suggesting a malfunction in the pumping mechanism 303 of the VNO.
304
Obstructing the NPDs impairs chemosignaling-evoked neuronal activation 305 We next hypothesized that perturbation of the VNO's pumping mechanism, via 306 obstruction of the NPDs, can lead to deficits in VNO-mediated detection of chemosignals.
307
Such impairment could be manifested in altered pheromone-evoked neuronal activity in 308 brain regions involved in chemosignals processing. To directly test this notion, we first 309 exposed male mice from both experiment groups (blocked and sham) to female urine 310 (blocked+urine and sham+urine, respectively). An additional control group comprised of 311 sham mice that were exposed only to distilled water (sham+DDW), as a measurement of 312 cFos baseline activity. We measured neuronal activity levels in these groups by quantifying 313 cFos immunoreactivity in the medial amygdalaa region known to be highly involved in Figure 4D ).
360
Finally, to examine the effect of NPDs obstruction on free social interactions, we 361 introduced mice from the different groups to both male and female intruders, and tested 362 the duration of subsequent social exploration, sexual and aggressive behavior. We found 363 that NPDs-blocked mice spend significantly more time investigating a female intruder 364 compared to sham mice. In addition, the NPDs-blocked mice exhibited significantly lower 365 locomotion activity in the presence of a female intruder (i.e. cage exploration), compared 366 to sham mice (nsham=8, nblocked=12, for exploration duration: z=2.469, p<0.05, Figure 5A ; 367 for locomotion activity duration: z=-3.41, p<0.01, Figure 5C ). No differences were found 368 in the duration of sexual behavior (nsham=8, nblocked=12, z=0.99, p=0.316; Figure 5B ). When 369 conducting the same experiment but with male intruders, we found no differences in any 370 parameter of social behavior between the mice with obstructed NPDs mice and control 371 littermates ( Figure S1 ).
372
To control for the specificity of the observed behavioral responses to VNO-373 mediated behaviors, we conducted an additional set of behavioral assays designed to test Figure S2A ,B). Next, we conducted a buried food-finding assay (Le 380 Pichon et al 2009), where mice are placed in a cage with a hidden pine-nut that offers only 381 olfactory cues for its location. No differences were found between groups in their latency 382 to retrieve the concealed nut (nsham=14, nblocked=9, z=0.535, p=0.59. Figure S2C ). Taken 383 together, these results indicate no effect of obstructing the NPDs on main olfactory odor 384 sensing.
Discussion
386
The nasopalatine ducts are widely accepted as an integral part of the 
